Surface passivation of AZNd Mg alloy with Pr(NO 3 ) 3 is studied using scanning electrochemical microscopy (SECM) in surface generation/tip collection (SG/TC) and AC modes. Corrosion protection afforded by the Pr treatment and the degradation mechanism in a simulated biological environment was examined on a local scale and compared with non-treated AZNd. SG/TC mode results revealed a drastic decrease in H2 evolution due to the Pr treatment. Mapping the local insulating characteristics using AC-SECM showed higher conductivity of the surface where H 2 evolution was most favorable.
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Introduction
The rapid corrosion of magnesium and its tendency for localized corrosion in biological environments [1] are serious drawbacks that significantly limit its biomedical applications [2] . One effective method to overcome these issues is chemical modification of the magnesium surface. Chemically formed conversion coatings that occur via reaction of an active species (e.g. a rare earth element (REE)) can be more inert with respect to corrosion.
Conversion coatings based on lanthanum (La), cerium (Ce) and praseodymium (Pr) has been
shown to provide levels of corrosion protection to the underlying metal substrate and their protective properties have been studied for number of Mg alloys such as WE43 [3] AZ31 [4] , AZ91, AM50 [5] , AZ63 [6] and WE43 [7] . Majority of these studies have shown effective corrosion protection afforded by the REE conversion coating in the short term (e.g. under 24
hr) that tends to deteriorate as exposure time to corrosive environment increases. The corrosion inhibition mechanism of REE is often attributed to the deposition of an insoluble passive RE oxide/hydroxide film at cathodic domains [4, 8] , facilitated by the alkaline pH which arises from the reduction of water and/or oxygen [9] . The failure mechanism of these conversion coatings have been generally attributed to penetration of corrosive species (e.g. chloride) through the conversion coating towards the metal substrate. However, the role of coating inhomogeneities and localized defects in corrosion mechanism has not been fully understood due to the lack of studies with localized electrochemical methods.
The robust data collection modes of SECM present a unique localized electrochemical technique that combines capabilities of physically assessing insulating/conducting domains of a surface with highly sensitive chemical detection [10] . SECM in AC mode allows for localized detection of active/passive domains and defective areas of corrosion protective films on an active metal [11, 12] . In generation/collection (G/C) mode of SECM, electrochemically oxidisable or reducible species produced at the substrate can be sensed via an electrochemical reaction at the SECM probe. Applying an oxidative potential at the SECM, flux of H 2 evolution can be sensed and implemented to evaluate corrosion behaviour on Mg surface with a localized approach [13] [14] [15] . In comparison to other well-trusted corrosion measurement methods such as weight loss measurement and hydrogen collection [16, 17] , SECM presents the unique capability of studying spontaneous corrosion phenomena while cumulative methods such as weight loss and hydrogen collection can only affords corrosion rate data after a certain period of immersion.
We investigate here a Pr surface treatment to impart corrosion protection to AZNd. In biomedical application, use of RE compounds should also be considered from the perspective of their potential cytotoxicity. Anti-carcinogenic properties of REs has been shown in number of studies [18] [19] [20] [21] , however some studies have also reported cytotoxic and hepatotoxic effects at high dose [22] [23] [24] [25] . It has been shown that rare-earth alloying elements including Ce, Nd, Y, and Yb have no adverse effect on growth of living cells but they can induce inflammatory effects at high concentration [26] . In vitro studies of cytotoxicity of REs on primary human and mouse cells demonstrated highest relative cytotoxicity of La and Ce while good cell viability was achieved in presence of Eu, Nd and Pr [27] . A recently advanced [13, 15] electrochemical approach using SECM was used to evaluate H 2 evolution as a measure of corrosion protection afforded by the surface treatment. Degradation of the Pr conversion layer on AZNd is also studied at a local scale using SECM in AC mode. The aim of this study is to help for better understanding of the degradation mechanism of a Pr conversion layer in a simulated biological environment. [29] . The pH was adjusted to 7.40 ± 0.05 using 1 M NaOH (Sigma) solution. Pr(NO 3 ) 3 .6H 2 O and NaOH were analytical grade and purchased from Sigma-Aldrich Australia.
Sample preparation
All specimens (5mm x 5mm) were abraded successively using 600, 1200 and 2400 grit emery and ultrasonically cleaned in isopropanol before exposure to electrolyte. Specimens were then immersed in 0.2M NaOH solution for 2 min. Specimens were then rinsed and conversion layers were formed by immersing the AZNd coupons in 0.2M Pr(NO 3 ) 3 solution for 30 Sec.
Specimens were then rinsed with DI water and dried with N 2 . This method produced a PrOx film with 700 nm to 1µm thickness confirmed by SEM analysis at the cross-section of samples ( Figure 1 ). Pr treated samples were sputter coated with a 15 nm layer of Pt to minimise beam charging and heating effects and cast into epoxy resin in preparation for cross sectioning. Cross sections were analysed using back scatter SEM at an accelerating voltage of 15 kV and a spot size setting of 14. The brighter areas in Figure 1 correspond to the higher atomic numbers which is attributed to Pr conversion coating. It should be noted that preliminary studies were conducted to find the optimum concentration of Pr(NO 3 ) 3 in the conversion bath and immersion time as well as the pre-treatment of Mg coupons. It was found that low concentrations of Pr(NO 3 ) 3 tend to produce a discontinuous PrOx film while using high concentrations (e.g. > 0.5 M Pr(NO 3 ) 3 ) or long immersion time tend to severely attack the Mg substrate and produce a rough surface which was confirmed by optical profilometry method. Also it was found that surface pre-treatment by 0.2 M NaOH for 2 min resulted in a more uniform PrOx film and less corrosion attack during immersion in the conversion bath.
The effect of the alkali pre-treatment in the NaOH solution has been extensively studied elsewhere [30] [31] [32] and shown to produce a dense and passive Mg(OH) 2 layer. The role of Mg(OH) 2 passive layer in formation of a more uniform and less defective PrOx conversion coating is believed to occur due to controlling the rise of pH and localized attack at the surface of Mg. It has been shown that precipitation of intermediate compounds during the formation of rare earth oxide at the surface of Mg is facilitated by an increased pH [4, 33, 34 ].
An unprotected Mg surface will undergo a severe localized attack in the presence of a strong oxidizing agent such as NO 3 ‾. It is believed that the alkali pre-treatment in a NaOH solution provides a moderately protective layer that controls the pH and minimizes the localized corrosion during formation of the conversion coating. 
Methods
Scanning electrochemical microscopy (SECM) was performed using CH instruments SECM model 920D. A 25µm Pt ultra-micro-electrode (UME) with RG>10 was used as working electrode. A Pt mesh and a standard Ag/AgCl (3M KCl) served as reference and counter electrodes, respectively. An area of 1000x1000 µm was examined according to the experimental procedure described in reference [13] . A schematic representation of the SECM set-up and data collection principle used in this study is shown in Figure 2 . The distance between tip and substrate was adjusted using a digital microscope, (MEIJI Techno model MS50). The substrate-tip distance was determined by bringing the SECM tip into contact with the sample; the tip was then raised using the x-y-z positioning system of the SECM to the desired height above the sample. The tip was then moved in a lateral direction to the desired area of SECM analysis. In SG/TC mode, the SECM tip was biased at 0.0V(Ag/AgCl)
for sensing H 2 evolution via H 2 electro-oxidation at the tip (Figure 2b ) [13] . The stop time of UME at each given point of the surface for data collection in SG/TC mode was 0.02 second.
AC mode imaging was performed in 100-fold diluted SBF at a frequency of 1kHz with ±200mV excitation amplitude to achieve maximum sensitivity towards resistive/capacitive properties of the surface film (Figure 2c ). The stop time of UME at each given point of the surface for data collection in AC mode was around 0.5 second. AC approach curves were generated by moving the UME tip from a distance of 75µm above the Mg substrate down to <1 µm from the substrate surface. Approach curves were generated at a number of frequencies from 100kHz to 1kHz in diluted SBF. The UME tip was held at 
Results and discussion
SEM micrographs shown in Figure 3a and 3b illustrate the nano-porous structure of the Pr treated AZNd surface. EDX analysis ( Figure 4 and Figure 3a were not observed under optical microscope examination (Figure 3g ) before the SEM analysis and therefore appearance of these cracks were attributed to the dehydration of the conversion film in vacuum chamber during SEM analysis. Table 1 . The insulating properties of the Pr conversion film on the surface of AZNd was examined using SECM in AC mode by producing AC approach curves and maps of local impedance before and after immersion in SBF. SECM imaging in AC mode consists of recording impedance magnitude and phase shift as a response to the excitation AC signal applied by the UME at a set frequency and excitation amplitude [13] . Corrosion resistance of the Pr conversion film is studied using SECM in the SG/TC mode for measuring H 2 evolution from [4] . Figure 5c shows a significantly lower rate of H 2 evolution (note the different scale bars) at the surface of the Pr treated AZNd, indicating a significantly lower rate of corrosion, correlating with the more resistive surface measured in Figure 5a , presumably due to the formation of a Pr rich conversion film. It is also clear that the domains on the surface which are less insulating result in the greatest H 2 evolution. For example, on the non-protected surface localized currents as high as 9nA (Figure 5d ) are recorded when the surface impedance is at its lowest value (Figure 5b ). (impedance) and SG/TC (H 2 evolution) measurements were made in dilute SBF using a 25µm
Pt UME tip. AC scans were performed with ±200mV AC excitation amplitude applied to the tip at 1kHz and 5µm tip-to-substrate distance. The SG/TC scans were performed using a Pt UME tip potential of 0.0V. Figure 6a ) on the surface of Pr treated AZNd were selected as representative domains for contrasting levels of insulating properties. AC approach curves were produced at A and B and are shown in Figures 6a and 6b, respectively.
Two locations (marked as A and B in
An AC approach curve on the surface of non-treated AZNd was also produced and is shown
in Figure 7 . Positive feedback (i.e., increasing normalised impedance as the UME tip approaches the AZNd surface) was observed for the treated surface (Figure 6a and 6b) at low frequencies (i.e. f≤42kHz) while slight negative feedback (i.e., decreasing normalised impedance as the UME approaches the AZNd surface) was observed at high frequencies (i.e. f >42kHz).
The positive feedback observed at low frequencies was stronger at location B (Figure 6b) compared to A (Figure 6a ), consistent with the higher impedance measured here. The slightly stronger negative feedback at higher frequencies at location A (Figure 6a ) indicates higher ionic content of the electrolyte at this location resulting from the corrosion process. It should be noted that similar to conventional AC impedance spectroscopy, the impedance in AC-SECM at sufficiently high frequencies is mainly dominated by the solution resistivity [35] . Figure 2c shows the alternative paths for AC signal which depends on the frequency domain.
More details on the elements playing a part in defining the AC impedance at each frequency domain is given in Ref. [35] . This observation is also consistent with results of a previous study [13] that showed correlation between areas of higher conductivity, higher H 2 evolution and greater ionic (OH -) content.
AC approach curves at the surface of the non-treated AZNd ( Figure 7) show significantly weaker positive feedback at low frequencies, again consistent with lower impedance values measured for this surface, while stronger negative feedback at high frequencies indicates generation and accumulation of ionic species at the surface, most likely due to increased corrosion products from the AZNd surface. Pt UME (25µm diameter tip) SECM probe with applied AC excitation amplitude of ±200mV
starting from a tip-to-substrate distance of 75µm.
Results of the local impedance and H 2 evolution for the Pr treated and non-treated samples after 2hrs immersion in SBF are shown in Figure 8 . The H 2 evolution maps were acquired in non-dilute SBF in order to examine the performance of the Pr conversion layer in a highly corrosive medium. The horizontal lines observed in Figures 8c & 8d are believed to be due to excessive H 2 evolution in non-diluted SBF and small H 2 pockets occasionally attaching to the UME tip. It is noteworthy to mention that these lines are consistent with the horizontal direction of scan and that these lines were not observed in the images acquired in dilute SBF.
The same regions of the AZNd samples displayed in Figure 5 are also displayed in Figure 8 . Figures 8a and 8b illustrate that the major domains of low impedance (e.g. top right corner in Figure 5a and 5b) remain at the same place after 2h of exposure to highly corrosive SBF media. However, other domains which showed high impedance initially show less insulating characteristics after 2 hours immersion in this more aggressive medium. It has been suggested that the porous structure of PrOx films allows for penetration of corrosive ions [3] such as chloride and leads to under-film corrosion of Mg.
Comparisons of Figures 5a and 5b with
Nevertheless, the hydrogen evolution reaction still appears supressed on the treated AZNd with the untreated sample when the absolute currents are noted in Figures 8c and 8d, indicating an effective corrosion protection afforded by the Pr treatment surface probably due to formation of a Pr conversion layer. 2hrs. SG/TC (H 2 evolution) measurements were performed in non-dilute SBF and then the samples were transferred to dilute SBF to perform the AC mode measurement. AC maps were obtained with ±200mV AC excitation amplitude applied to the tip at 1kHz and 5µm tip-tosubstrate distance. The SG/TC maps were obtained using a Pt UME tip potential of 0.0V.
Conclusion
AC-SECM results showed that Pr treatment using nitrate salt solution results in formation of an inconsistent PrOx conversion layer on the AZNd Mg alloy with a variation of insulating properties across the surface. Sensing H 2 evolution by means of SECM in SG/TC mode was used as a method of examining the corrosion behavior of Mg and obtaining comparative measures of corrosion rate between a non-treated and a Pr treated Mg surface. It was shown that corrosion resistance of AZNd during a short term immersion in SBF is improved due to Pr treatment. However, it was observed that some insulating domains of the PrOx film broke down after 2h immersion and showed higher H 2 evolution activity.
